INTRODUCTION
Lipoteichoic acids (LTAs) are commonly referred to as membrane-associated polymers characteristic of gram-positive bacteria, just as lipopolysaccharides are believed to be ubiquitous among gram-negative bacteria. Typically a conventional LTA is a linear polymer of 16 to 40 phosphodiester-linked glycerophosphate residues covalently linked to a membrane anchor which is generally analogous to a glycolipid or glycophospholipid found among the free lipids of the cell membrane. The C-2 positions of the glycerophosphate residues may be variably D-alanylated and/or glycosylated. The structures, functions, and biosyntheses of these conventional LTAs have been extensively reviewed (17, 68) . However, the number of gram-positive bacteria now known to lack classical LTA is steadily increasing, as is recognition of the occurrence of polymers with properties and (presumably) functions similar to those of LTAs. These polymers have been variously referred to as macroamphiphiles, lipoglycans, or cell surface glycolipids, and it is the purpose of this article to review progress in this field.
STRUCTURE AND BIOSYNTHESIS
Micrococcal lipomannan. The first gram-positive bacterium found to lack LTA was Micrococcus luteus (formerly Micrococcus lysodeikticus), phenol extraction of which recovered an acidic lipomannan (51) (52) (53) . A mannan of 50 to 70 residues is anchored at its reducing terminus by diacylglycerol. The hydrophobic terminus therefore resembles the dimannosyl diacylglycerol glycolipid of M. luteus (36) . The acidic character derives from succinyl groups esterified to approximately 25% of the mannose residues. Succinylated lipomannan was also isolated from Micrococcus flavus and Micrococcus sodonensis (53) , and more recently a lipomannan from Micrococcus agilis has been reported to lack succinyl esters (37) . Lipomannan synthesis is presumed to start with the addition of mannose units to dimannosylglycerol. Successive mannose residues are then transferred from GDP-mannose via a mannosyl-1-phosphoryl undecaprenol intermediate (56) .
Pneumococcal F antigen. Streptococcus pneumoniae has a dietary requirement for choline because its teichoic acid contains choline (6, 32) . Approximately 90% of the cellular choline can be accounted for in this teichoic acid, the remainder being located within the Forsmann (F) antigen (4). A definitive structure for the F antigen has yet to be reported, although its composition implies a structure similar to that of the wall teichoic acid. However, the F antigen is distinctive in possessing an as yet undefined hydrophobic moiety containing fatty acids and is thus considered to replace LTA in this organism. As with LTA and teichoic acids, pulse-chase labelling experiments have shown that there is no precursor-product relationship between pneumococcal wall teichoic acids and F antigen (5) . F antigen appears to be enriched in the mesosomal fraction of the pneumococcal cell membranes, though this may be an artifact of cell disruption (25) . Bifidobacterial lipoglycan. Phenol extraction of Bifidobacterium bifidum subsp. pennsylvanicum revealed a novel lipoglycan which was originally reported to be a 1,2-linked glycerophosphate polymer anchored to a glycerophospholipid and terminally substituted with either a glucan or a galactan (50) . Subsequently, a radically different structure was proposed following nuclear magnetic resonance analysis (16, 18) ; this structure consists of an unbranched glucogalactan bearing monomeric glycerophosphate side chains, the membrane anchor of which is analogous to a galactosyl glycolipid of this organism. The glycerophosphate side chains are derived from phosphatidylglycerol (47) and are unusual in being substituted with L-alanine rather than the D-alanine typical of LTA. Molecular species differing in the number of galactose residues can be separated by anionexchange chromatography (16) , suggesting that galactosylation of the completed lipoglucan precedes glycerophosphate transfer from phosphatidylglycerol. Antigenic cross-reactivities suggested that similar lipoglycans were present in other bifidobacteria, since extracts from seven of eight bifidobacterial serological groups cross-reacted with antisera to the B. bifidum antigen (49) . Lipoglycans with essentially the same structure as that proposed by Fischer (16) have been confirmed to be present in Bifidobacterium breve and Bifidobacterium longum strains (30) .
Mycobacterial lipoarabinomannans. The arabinomannan of mycobacteria (41) has been characterized (for Mycobacterium leprae and Mycobacterium tuberculosis) as being an inositol-and phosphate-containing lipoarabinomannan (28) . The arabinomannan consists of a core region of mannose bearing arabinose and mannose side chains and is substituted with succinyl esters and lactate. Recent structural studies have shown that the lipoarabinomannan and mannan polymers are linked to the membrane via a phosphatidylinositol anchor (27) . The lipoarabinomannan may therefore be structurally related to the phosphatidylinositol mannosides of mycobacteria (65) .
A lipoarabinomannan from Mycobacterium paratuberculosis has also been reported, although no inositol and only a trace of phosphorus were detected (60). However, it is possible that alkali-labile inositol phosphate groups (27) were lost during purification and that traces of inositol were overlooked. Alternatively, species differences may lead to variations in the extent of inositol-phosphate substitution (28) . Significantly, this lipoarabinomannan was also reported to contain 10-methyloctadecanoate and palmitate, fatty acyl residues typical for a phosphatidylinositol anchor (27) .
M. leprae and M. tuberculosis were also reported to contain an additional phosphorus-and carbohydrate-containing polymer, originally designated LAM-A (28), which is not antigenic. Further study of LAM-A has indicated that it is devoid of arabinose residues, resulting in its lack of antigenicity, and is probably a phosphatidylinositol-anchored lipomannan (27) . Moreover, Misaki et al. suggest that arabinomannan, now designated lipoarabinomannan, may be a common antigen in the related genera Nocardia and Corynebacterium (41) . Indeed, a Corynebacterium diphtheriae lipoglycan containing arabinose, mannose, and glycerol and acylated with fatty acids has been reported (33) .
Propionibacterial lipomannan. The lipids of the propionibacteria contain a unique diacyl inositol mannoside glycolipid (57) . As yet there are no reports of any conventional LTA containing an acylated sugar-type glycolipid as a membrane anchor (17) . Investigation of Propionibacterium freudenreichii for LTA led to the recovery of an inositolcontaining lipomannan (61) . The fatty acid composition matched that of the total lipids, and evidence for a phosphatide moiety was obtained. A mannan of approximately 30 mannose residues was proposed to be membrane anchored via a phosphatidylinositol unit. Such a structure could therefore be comparable to that of the lipomannan and lipoarabinomannan of mycobacteria, to which the propionibacteria are related via the nocardiae and corynebacteria (65) . This structure would also be compatible with the reported ability of P. freudenreichii to synthesize phosphatidylinositol mannoside in vitro (3) when phosphatidylinositol mannosides are absent from the free lipids in vivo (62) , since this capability could represent the first step in the sequential buildup of lipomannan. The distribution of inositol mannoside glycolipid throughout the propionibacteria suggests that other members of this genus may also lack conventional LTA. Interestingly, an amphiphilic antigen has been reported to replace LTA in Propionibacterium acnes (34) .
Other lipoglycans and bacteria lacking LTA. Partially characterized lipoglycans have been detected in some streptococci and actinomycetes. Streptococcus sanguis biotype B strains lack LTA (22, 43) , and low yields of a lipoheteropolysaccharide containing glucose, galactose, mannose, glycerol, and fatty acids have been recovered from S. sanguis ATCC 10557 (69) . Actinomyces viscosus NY1 contains a fatty acylated heteropolysaccharide of mannose, glucose, and galactose which is substituted with glycerophosphate, N-acetylglucosamine, lysine, and alanine and has an overall anionic charge (66 LTA has been proposed to regulate cell wall autolysins. The amphiphilic nature of LTA appears to be critical, as the inhibition of autolysins can be shown with other anionic amphiphiles, notably diphosphatidylglycerol, and this activity is generally lost after deacylation or treatment with detergents (10, 12) . In vitro, the formation of micelles seems to be required for the antiautolytic effect. The pneumococcal F antigen is a potent inhibitor of pneumococcal autolytic activity (24) , and this finding has frequently been used to support the proposal that LTA inhibits autolysins (17) . However, there is a lack of cross-reactivity between those autolysins inhibited by LTA and those inhibited by F antigen (11) , with the specificity of the latter probably relating to its choline content (25) . It is possible that the inhibition of autolysis results from a common ability to form micelles of an overall anionic surface charge, although the significance of this capability in vivo remains to be established (17) .
The polyanionic nature of LTAs has led to the proposal that these and other anionic cell wall polymers may play a key role in maintaining the divalent-cation balance at the cell surface and, perhaps, throughout the cell wall, by interacting as a complex type of ion exchanger (14, 35) . Arguments against such a function have been made on the basis of the likelihood of mobile monovalent counteranions competing prohibitively for LTA phosphate groups (1, 38) . The lipoglycans are all anionic, with the exception of the neutral lipomannan from M. agilis (37) , so a comparable function could be envisaged. Indeed, the micrococcal lipomannan has been shown to bind magnesium ions with an apparent association constant of 1.5 x 103 M, which is of the same order of magnitude as that for LTA (53) .
A possible role of LTA, which may be shared by other lipoglycans, is in mediating cell-cell and cell-substratum interactions. LTA and lipoglycans can be excreted during growth (17, 46, 66) , and lipidated polymers exposed at the cell surface (for a model, see reference 45) may contribute to the cell surface hydrophobicity and thus function to mediate cell adhesion and the subsequent virulence of these bacteria (15, 23, 45, 55) . LTA has been described as the major cell wall component responsible for the surface hydrophobicity of group A streptococci (40) , in which it mediates the adherence of the bacteria to fibronectin on epithelial cell surfaces (2) . LTA may also influence the adherence of group B streptococci to epithelial cells (44, 64) , Staphylococcus saprophyticus to uroepithelial cells (63) , Staphylococcus epidermidis to fibrin-platelet clots (9) , and Staphylococcus aureus to mucosal, epithelial, and mesothelial cells (8, 21, 42) , although protein seems to be the principal adhesin of S. aureus (2, 19) . Similarly, the strongly hydrophobic character of the B. bifidum subsp. pennsylvanicum surface has been attributed to both the surface protein and the lipoglycan of this bacterium (46) , and the lipoglycan has been implicated as an adhesin in the interaction of the bacterium with colonocytes (48) . All macroamphiphiles have a comparable potential to contribute to surface hydrophobicity and to act as bridging ligands between bacteria and other surfaces, thereby contributing to the complex range of cooperative interaction likely to be required for adhesion (15, 23, 42, 55) . Studies of the critical micellar concentrations of LTA, which fall in the range from 0.28 to 0.69 ,uM (67) up to 5 ,uM (13) , suggest that acylated monomeric LTA may represent a significant proportion of the extracellular LTA of some bacteria (67) . Indeed, the biological activities attributable to LTA may be dependent on the molecules being in a particular form (13) , with most biological effects dependent on the acylated form of the molecule. The formation of micelles by LTA and lipoglycans may be an effect of concentration during extraction and purification, and so the relationship between the critical micellar concentrations and the functions of each in situ is important. Moreover, the considerable consequences with regard to membrane organization which could result from the residency of LTA and lipoglycans within the cell membrane (29) have yet to be studied in any detail. It has been proposed that LTA may play a physiological role, along with anionic phospholipids, in regulating charge density at the other surface of the membrane (7) Finally, it has recently been suggested that galactosylated LTA may serve to prevent phage adsorption by Lactococcus lactis subsp. cremoris (58) , possibly by sterically hindering access to phage receptors in the cell wall. CONCLUSION LTAs remain the most thoroughly characterized class of amphiphilic polymers in the gram-positive cell envelope. Their widespread distribution and structural uniformity suggest important functions, though these are by no means fully defined. To our knowledge there have been no reports yet on the molecular genetics of these components, and the apparent absence of stable mutants with defects in LTA and lipoglycan metabolism may be further evidence of their physiological importance. However, as summarized in Table  1 , there are now a significant number of bacteria in which LTA has not been detected and in which alternative lipoglycans appear to be present. The exact distribution of LTA awaits a more rigorous survey, but it seems likely that the numbers of alternative or atypical lipoglycans will continue to increase.
It would therefore seem that the generalization that LTA is the ubiquitous membrane component representative of gram-positive bacteria is in fact an oversimplification. It has been suggested that it is essential for gram-positive bacteria to retain a charged amphiphilic polymer in the region of their cell membrane (53) , and the possession of these characteristics by both LTA and lipoglycans seems to be the unifying theme. It thus seems appropriate that future investigations into the functions of LTA should address whether or not these functions could also be carried out by lipoglycans in those bacteria known to lack conventional LTA. Moreover, consideration should also be given as to whether these functions derive from the presence of the lipoglycans anchored within the membrane or as cell wall-associated components. The fact that gram-negative bacteria possess comparable polymers such as lipopolysaccharides and the enterobacterial common antigen (68), while distinct lipoglycans are present in mycoplasmas (59) , only serves to emphasize the likely importance of lipoglycan cell surface polymers to bacterial physiology in general.
